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T he ever increasing energy demand of modern society is perhaps among the greatest challenges humankind is and will continue to face. Research in energy includes but is not limited to the following major areas: mega-scale energy conversion, renewable and green energy, efficient energy transmission, energy storage, energy harvesting, and sustainable power source for micro-or nanosystems. In addition to large-scale energy harvesting from "renewable" sources, such as wind, hydro, and solar, there is also significant opportunity to harvest the wasted energy in our personal environments, such as from walking, typing, speaking, and breathing. If efficiently harvested to its full potential, many of the modern energy requirements needed for small devices and even personal electronics could be fulfilled. This is a new trend in the worldwide effort in developing technologies related to energy scavenging.
1Ϫ3
Energy harvested from the environment will likely be sufficient for powering nanodevices used for periodic operation, owing to their extremely low power consumption and small sizes. For example, an implantable device that wirelessly communicates the local glucose concentration for diabetes management, the local temperature for infection monitoring after surgery, or a pressure difference to indicate blockage of fluid flow in the central nervous system and blood clotting can all be foreseen as potential applications that need implantable energy sources. Powering such devices could be accomplished by concurrently harvesting energy from multiple sources within the human body, including mechanical and biochemical energy to augment or even replace batteries. However, powering implantable nanodevices for biosensing using energy scavenging/harvesting technology is rather challenging because the only available energy in vivo is mechanical, biochemical, and possibly electromagnetic energy, whereas thermal energy cannot be harvested due to lack of an adequate temperature gradient, and solar energy is not available for devices implanted inside the body.
A recent breakthrough in harvesting mechanical energy by nanowire based nanogenerators (NG) has demonstrated an excellent route for harvesting the biomechanical energy created from tiny physical motion, such as the inhaling/exhaling of lungs or the beat of a heart. 4Ϫ8 In addition, approaches have been demonstrated for converting the biochemical energy of glucose/O 2 in biofluid using active enzymes as catalysts in a compartmentless biofuel cell (BFC). 9Ϫ11 In this paper, we demonstrate the first integrated operation of a hybrid nanogenerator composed of a nanogenerator and biofuel cell for simultaneously or independently harvesting mechanical and biochemical energy, with the aim of building self-powered nanodevices/nanosystems for in vivo biomedical and other applications where the two types of energy are available, such as living plants. We have also used the hybrid nanogenerator to drive a single nanowire-based UV nanosensor to demonstrate the possibility of a "self-powered" nanosystem.
RESULTS AND DISCUSSION
Harvesting Mechanical Energy by Nanogenerator. The NG based on a single ZnO nanowire that is laterally bonded onto a polymer substrate was first demonstrated by our group. 5 Based on a similar mechanism and design, a NG using a single piezoelectric poly(vinylidene fluoride) (PVDF) nanofiber (NF) was reported recently. 12 In our hybrid design we use PVDF nanofibers as the working component for the mechanical energy harvester. Cheng et al. used near-field electrospinning to synthesize the single PVDF NFs, where the high electric field used to draw the NF was suggested to naturally align the dipoles along the NF long axis. Alternatively, we used conventional electrospinning (see Experimental Methods for details) with the two electrode technique 13 to synthesize and pattern an array of aligned NFs, followed by a post, in-plane poling process (Figure 1aϪd) . A scanning electron microscopy (SEM) image ( Figure  1b , inset) reveals the textured morphology on the NF surface, presumably resulting from the formation of small crystallites. Fourier transform infrared spectroscopy (FTIR) was used to characterize the crystal phases present in the PVDF NFs. The FTIR transmission spectrum of the as-spun PVDF nanofibers is presented in Figure 3c . A mixture of the polar ␤ phase and the nonpolar ␣ and ␥ phases was indexed. 14 The random dipole orientation of the polar ␤ phase was oriented by encasing the device in PDMS and performing highfield (ϳ0.2 MV/cm) in-plane poling ( Figure 1d ) for ϳ15 min (see Experimental Methods for details).
The working principle of the PVDF NG is based on the insulating property of the PVDF NF and the creation of an inner piezoelectric field during applied tensile strain. 5, 12 As the device is deformed under alternating compressive and tensile force (Figure 2c,d ), the NF acts like a "capacitor" and "charge pump", which drives a flow of electrons back and forth through the external circuit. This charging and discharging process results in an a.c. power source.
The strain rate dependence on the open-loop voltage and short-circuit current produced by a PVDF NG undergoing cyclic mechanical loading is presented in Figure 2a ,b. The induced strain was fixed at ϳ0.05% and applied over 0.06, 0.04, and 0.03 s. By increasing the strain rate over this range, the open loop voltage increased from 15 to 20 mV and the short circuit current increased from 0.2 to 0.3 nA, which is consistent with piezoelectric theory. 15 The output voltage is dictated by individual nanowire, while the output current is the sum of those from all of the active nanowires. The output of the PVDF NG could be improved by replacing PDMS with a material having a higher breakdown voltage, so that higher poling fields could be applied to obtain a greater remnant polarization. 16, 17 In addition, hundreds of NFs could potentially be integrated together and connected in series and/or parallel to further improve the power output. www.acsnano.org 3c. The electrodes were patterned onto Kapton film and coated with multiwall carbon nanotubes (MWCNTs), followed by immobilization of glucose oxidase (GOx) and laccase to form the anode and cathode, respectively (see Experimental Methods for details). In addition to immobilizing the enzymes onto the electrodes, it has been shown that CNTs help promote the electron transfer between the enzymes and the electrodes. 18Ϫ20 The operating principle of the BFC is illustrated in Figure 3d . When the device is in contact with a biofluid that contains glucose (such as blood), the corresponding chemical processes occurring at the The open-loop voltage and short-circuit current produced by the BFC operating in phosphate buffer solution (PBS, pH 7.0) with glucose concentrations of 0.5, 5, and 50 mM is presented in Figure 3a ,b. Both the current and the voltage were found to increase with increasing glucose concentration. Human blood has a glucose concentration that fluctuates between ϳ4 and 6 mM and has a pH of 7.35Ϫ7.45. 9 At 5 mM, the open loop voltage was found to be 50 mV and a short-circuit current of 11 nA. The power density of the BFC depends on load matching and was found to have a maximum at ϳ10 M⍀ with a corresponding power density of ϳ2.2 nW/cm 2 and a current density of ϳ58 nA/cm 2 (see Supporting Information).
The highest theoretical voltage that may be obtained from a GOx/laccase-based BFC is dictated by thermodynamics and is ϳ1 V. 9 To obtain this voltage, various factors need to be optimized, but the most important one is the enzyme surface interactions. By cross-linking or "wiring" the immobilized redox enzymes to a redox hydrogel, the output of the BFC can be further optimized in the future. 21Ϫ23 In addition, multiple BFCs could be integrated together to boost power output.
Hybrid Biochemical and Biomechanical Nanogenerator. One of the major hurdles of a glucose/O 2 BFC is the performance degradation over time due to the decay of the living enzymes. 11, 20 Therefore, a hybrid BFC-NG, which concurrently harvests mechanical and biochemical energy, is highly attractive for its increased power output and lifetime. The BFC has the benefit of high power density, whereas the PVDF NG has the benefit of potentially operating over much longer times because the lifetime is only limited by the mechanical fatigue of the device and can eventually be engineered to last.
The independent and integrated operation of the PVDF NG, the BFC, and the hybrid BFC-NG is presented in Figure 4aϪc . To integrate the AC voltage of the PVDF NG with the DC voltage of the BFC, a simple RC high pass filter (Figure 4b ) was used, which effectively blocks the DC voltage of the BFC in one direction while passing the AC voltage of the NG. By integrating the two devices, the peak voltage was nearly doubled from ϳ50 to ϳ95 mV. Furthermore, the PDMS packaging of the PVDF NG allows for operation inside biofluid and in vivo environments. In addition, using a flexible Kapton film substrate for the BFC permits the devices to be www.acsnano.org integrated back-to-back as conceptually illustrated in Figure 4d . It is important to point out that our goal here is not to maximize the output of BFC; instead, we keep the output of the BFC to be in a reasonable range so that the hybridization of the BFC and NG can be clearly illustrated.
The power output of the hybrid nanogenerator is the sum of the BFC and NG. The voltage output of the BFC is V BFC , and the output voltage of the ac NG is ϮV NG . Considering the infinitely large resistance of the PVDF nanofiber, the output voltage of the NG component is ϮV NG , even with the presence of a load. The inner resistance of the BFC is rather low because it is dictated by electron transfer between the active center of the enzymes and the CNT electrodes. In such a case, the voltage applied to an external load R is V BFC Ϯ V NG , which gives an output power of (V BFC Ϯ V NG ) 2 /R. The average peak output power for each cycle of the mechanical ac-
/R. In addition, methods can eventually be developed for rectification of the a.c. NG output to obtain a d.c. signal and integration with the d.c. output of the BFC to give an overall enhanced d.c. output.
Powering Nanosensor by Hybrid Cell. The hybrid BFC-NG was also used to drive the operation of a ZnO nanowirebased UV light sensor (Figure 5b ). When there was no UV light, the resistance of the ZnO nanowire was ϳ7 M⍀ (see Supporting Information), and the corresponding peak voltage drop on the nanosensor was ϳ5 mV, as shown in Figure 5a . Upon irradiation with UV light, the nanowire resistance dropped to ϳ800 k⍀ and the peak voltage drop across the nanowire device was reduced to ϳ2.5 mV. This demonstrates the potential of a fully "self-powered" nanosystem for in vivo applications.
CONCLUSION
Developing energy scavenging technology that harvests multiple-type energy sources from our personal environments is highly desired for sustainable energy production and unique applications. Previously, we have demonstrated the first hybrid cell for simultaneously harvesting solar and mechanical energy. 24 Here, we have demonstrated a hybrid device that can be used to simultaneously scavenge both biochemical and mechanical energy for in vivo applications. The hybrid device takes advantage of its two constituent parts, leading to a higher output and potentially longer operating lifetimes. In addition, the hybrid device was used to power a UV nanosensor, demonstrating the outstanding potential for a completely self-powered nanosystem for in vivo biomedical applications.
EXPERIMENTAL METHODS
Electrospinning of PVDF Nanofibers. PVDF powder (MW 534000) was purchased from Sigma-Aldrich and used as received. A total of 1.5 g PVDF was dissolved in a mixture of 3 mL of DMF (VWR) and 7 mL of acetone (VWR) and heated at 60°C for 30 min so that the solution was homogeneous. The transparent viscous solution was transferred into a Hamilton 1 mL syringe for electrospinning. A Chemyx Fusion 200 syringe pump and Betran DC High Voltage power supply were used, a voltage of 12 kV was applied to the syringe needle, and a feed rate of 50 L/min was used. The electrospun fibers were collected onto two grounded copper pieces with a 2 cm gap, placed 15 cm away from the needle, and the fibers were electrostatically aligned across the electrode gap.
Fabrication and In-Plane Poling of Nanogenerator. A 1 cm ϫ 2 cm ϫ 30 m Kapton@Dupont thin film was used as the supporting substrate. To form two electrodes a 50 nm thick layer of Au was deposited onto the Kapton substrate, leaving a 1 mm uncoated gap in the middle by using a mask. The electrospun fibers were carefully transferred across the Au electrodes and electrically bonded using silver paint (Ted Pella). A 0.5 mm layer of PDMS was deposited over the device for dielectric protection and biocompatibility. The final device was immersed into paraffin oil and 20 kV was applied between the two electrodes for 15 min. After poling, the electrodes were shorted for over 12 h.
Biofuel Cell Fabrication. Glucose oxidase (GOx, from Aspergillus niger, type X-S) and laccase powder (from Trametes versicolor) were purchased from Sigma-Aldrich, multiwall carbon nanotubes from Hanhwa Nanotech (diameter 3Ϫ9 nm, purity Ͼ95%), and phosphate buffer solution (PBS, pH 7.0) from Fluka. All chemicals were used as received. Carbon nanotubes were dissolved in ethanol and sonicated for 1 h to form 2 g/L dispersion. before use. A total of 2 L of CNT dispersion was deposited onto both electrodes and rinsed with deionized water after drying. GOx solution (2 L) was then deposited onto one of the CNT/Au electrodes to form the anode and 2 L of laccase solution was deposited onto the other to form the cathode. The device was then stored under 4°C for at least 4 h before use. Prior to use, the electrodes were rinsed in pure PBS. Electrical Measurement. A voltage preamplifier (Stanford Research Systems, Model SR560) and a current preamplifier (Stanford Research Systems, Model SR560) were used to measure voltage and current output of the devices, respectively. A labview program was used to monitor and record the measurement. A DC linear motor was used to provide strain for the nanogenerator measurement.
FTIR and SEM Imaging. A Nicolet Magna IR 560 spectrometer was used to obtain the FTIR transmission spectrum of a 1 mm thick layer of PVDF nanofibers. Prior to SEM imaging, PVDF nanofibers were deposited onto silicon substrate and coated with a thin (ϳ5 nm) layer of Au. The surface morphology of the PVDF nanofibers was analyzed using a LEO 1530 SEM at 5 kV accelerating voltage.
